Resonance polarization-sensitive coherent anti-Stokes Raman scattering (PS CARS) spectra of the electronic ground state and excited singlet S, state of rhodamine 6G in ethanol were obtained with the use of the pumpprobe technique with nanosecond time resolution. Variation of the polarization orientation of the pump laser beam showed differences in the excited-state spectra due to optically induced anisotropy. The pure electronic susceptibility of ground-state rhodamine 6G was shown to be small in comparison with nonresonant susceptibility of the solvent, and was neglected in further analyses. The pure electronic susceptibility of excited rhodamine 6G was examined by coherent ellipsometry. The complex third-order susceptibility was analyzed by means of a nonlinear least-squares fit program that provides detailed information on the Raman vibration parameters, including depolarization ratios and phases. In the isotropic case the measured depolarization ratios are close to 1/3, whereas in the anisotropic case, ground-state depolarization ratios are 0.5-0.65 and in the excited state 0.17-0.22. Estimated depolarization ratio changes in ground-state and excited-state rhodamine 6G are in agreement with theoretically predicted values in the case of induced anisotropy under the assumption of parallel dipole moments of the CARS process. The effects of possible changed molecular structure or symmetry and changed enhancement of different electronic transitions cannot be determined without making some assumptions about one of these effects. The obtained phase differences reflect different enhancements and vibronic coupling for ground-state and excited-state vibrations. The groundstate and excited-state hyperpolarizabilities, 77sEo and 7~,, of rhodamine 6G were estimated to be 3.8.10 -35 esu and 27.4.10 -~s esu, respectively. Index Headings: Nonlinear spectroscopy; Raman spectroscopy; Excitedstate spectroscopy; Coherent ellipsometry.
INTRODUCTION
Coherent anti-Stokes Raman scattering (CARS) offers the possibility of measuring vibrational spectra of molecules with high signal efficiency, as is well known. 1 Due to its insensitivity to fluorescence, CARS allows measurements in the electronic excited states, which often are inaccessible to spontaneous Raman scattering (RS). Besides the usual spectroscopic identification of the molecules by vibrational frequencies, bandwidths, and amplitudes, the depolarization ratios, containing information on symmetry and structure of the molecules, can be obtained by use of the polarization-sensitive CARS (PS CARS) technique. 2 In addition, the coherent Raman technique (as its name implies) renders determination of vibrational phases relative to that of the nonresonant background, although the phase is not often used as a parameter. These phases contain information on the influence of vibronic coupling and enhancement mechanisms of different electronic transitions.
In the last few years, application of (time-resolved) RS and CARS to the study of molecules in excited electronic states has grown rapidly2 -s For example, studies on the photo-isomerization processes of trans-stilbene 4,5 and dye molecules s,7 and the short-lived excited states of polyatomic molecules s by using pump-probe techniques have proven to be very informative. Polarization-sensitive RS measurements by Hamaguchi et al., 9 on Sl-excited transstilbene when pumped with UV light, yielded depolarization ratios that were unusually high compared with that of the unpumped (ground-state) molecules. These differences probably indicate a changed molecular symmetry in the excited state, Kamalov et al) used picosecond time-resolved PS CARS and coherent anti-Stokes Raman ellipsometry (CARE) to study Sl-excited transstilbene in solution. It was shown that partially ordered excited molecules have considerably different electronic third-order susceptibilities under linearly polarized UV excitation in comparison with those of isotropic media.
With respect to the estimation of vibrational depolarization ratios under resonant excitation (pumping) in anisotropic media in the excited state (and in the ground state) with the use of CARS, less information is available in the literature. Therefore, we have carried out a detailed PS CARS study of excited-state rhodamine 6G using the pump-CARS probe technique with nanosecond time resolution. Rhodamine 6G in ethanol solution was chosen as a test object for two reasons: First, its fluorescence lifetime rf~ is 5 ns, 1° which easily leads to a high degree of excited molecules when excited in the lowest singlet $1 electronic absorption band with the use of 8-ns pulses. Second, since rhodamine 6G has been studied extensively, H,12 the electronic structure and orientation of the transition moments of the lowest electronic transitions have been determined. Band positions of the ground and S~ excited state are known from resonance CARS measurements 3,7,~3 previously applied to rhodamine 6G in solutions, which simplifies the analysis. With induced anisotropy in the molecular orientation distri-bution by photoselection with a linearly polarized pump beam or by partial ordering of the molecules in the strong pump field, polarization characteristics are expected to be different from the unpumped (isotropic) case.
The aim of this work is to show that different aspects (viz., optically induced anisotropy, molecular symmetry, and electronic enhancement mechanisms) influence the depolarization ratios in the electronic ground and excited state upon pumping as measured by PS CARS. Here we use a combination of techniques, measurements (absorption, concentration variation, PS CARS, coherent ellipsometry), and fitting procedures which, in our view, are necessary to determine vibrational depolarization ratios and molecular hyperpolarizabflities in both the ground state and singlet excited state.
New aspects concern (1) the determination of depolarization ratios of ground-state (So) and excited-state (S1) rhodamine 6G by measurement of the , t1111~(s) and x(3) (or _(3) x components of the vibrational third-order 1221 ~2112! susceptibility and comparison with theoretical values; (2) investigations of the total electronic third-order susceptibility by means of concentration variations and coherent ellipsometry to distinguish between solvent, S0-state rhodamine 6G, and Sl-state rhodamine 6G contributions; (3) determination of vibrational parameters of both S0-and St-state rhodamine 6G by spectral analyses of a set of PS CARS spectra with the use of a nonlinear leastsquares fit program; and (4) determination of Swstate hyperpolarizability.
The second section of this paper contains a short description of polarization-sensitive CARS theory; experimental aspects are given in the third section, followed by the results, discussion, and conclusions. Some mathematical derivations of susceptibility tensors in anisotropic systems and coherent el]ipsometry analyses are given in Appendices A and B, respectively.
PS CARS THEORY
In single degenerate PS CARS, the detected signal intensity IA at the anti-Stokes frequency 0% = 2001 -¢02 is given by 1,2
where eA, e~, and e2 denote the unit polarization vectgrs of the analyzer and input laser fields, respectively, p(3) is the induced total third-order polarization, and ~(3) A.1111 and ~(3) are the polarization components of the cubic 2k1221 nonlinear susceptibility tensor (where 1, 2 = x, y). E1,2 are the amplitudes of the input electric fields. The asterisk (*) co~esponds to an emitted photon. The total polarization p(s) can be written as:
3)NR where P( denotes the nonvibration resonant electronic contribution which arises from the solvent. The last two terms on the right arise from the dissolvefl molecules. The pure resonant electronic polarization p(3m is a nonvibration resonant contribution where any of the applied frequencies ~01, ~02, and ~0, may be close to electronic transitions of the molecule, p(3m denotes the vibration resonant term and contains all Raman-active vibrations. In a similar way, the macroscopic (bulk) total third-order susceptibility x (3) is defined by
where X (3)NR, X (3)E, and x (3)R denote the nonresonant, pure electronic, and vibration resonant susceptibility, respectively. X (3)NR is nearly frequency independent over the measured frequency range and can therefore be taken as a real constant. The pure electronic (x (3)~) and vibration resonant (x (3m) terms have complex values. Taking into account the electronic and vibrational resonances of solvent and dissolved molecules, Eq. 3 can be rewritten as:
where x denotes the frequency difference (~o1 -¢o2) which is the independent variable in the spectral scan.
Sol , -tSol, ~tSo~, Ftso~, and Nso~ denote nonresonant amplitude, vibration resonant amplitudes, frequencies, bandwidths, and concentration of the solvent molecules. No is the concentration-dissolved molecules, and g, denotes the fraction of dissolved molecules in the electronic state s, where ~ g~ = 1. %(3)E, 0~, ~2~, F, E and s %(~m, 0~, ~, F~ denote real amplitudes, phases, frequencies, and bandwidths of the electronic and vibration resonant transitions of the dissolved molecules in electronic state s, respectively. The summation (s) runs over all molecular electronic states including the ground state and the summation (t) over all molecular vibrational states. In Eq. 4 0s E and 0~ are relative phases with respect to that of the (real) nonresonant background, which is taken to be zero. Equation 1 was derived for an isotropic medium. In the second part of the Results section, relations between the susceptibility components are derived for the anisotropic case.
Under the assumption of Kleinman symmetry (i.e., far away from electronic resonances) the relations between the nonresonant susceptibility components in the iso- 
where pSR is the nonresonant depolarization ratio. When one is applying polarizations el and e2 under an angle ~b, the different components ~mx' (3) and A. 1221~(3) (= A. 2112!-(~) ~ can be measured by selecting different analyzer polarization orientations ea. Figure 1 shows two polarization schemes used to measure these components.. Vibration resonant polarizations pR with depolarization ratios pa different from pNa have different orienta-:~NR ~2
FiG. 1. Linear polarization conditions as set by Glan-Taylor prisms tions with respect to ~ia. The angle 0 a between ~R and ~1 is given by:
with pR = ~t 221, "(3)/ . (3)Xl t 11 the vibration resonant depolarization ratio. The vibrational depolarization ratio pa can be expressed in terms of the CARS analogues &2, ~s2, and ~2 of the isotropic and anisotropic Raman tensor invariants (a2, %2, and ~a2): 2'14 .~(3)R pR = ~122___~ ----5~a 2 ~-3~ 2 (7) x(s)a 45&2 + 4~2
1111
From Eq. 7 it follows that with the negligible antisymmetric part (,%2 = 0), the CARS depolarization ratio pR corresponds to the spontaneous Raman depolarization ratio, defined by PRS = I±H,.
A general expression for the measured PS CARS intensity is
where/1 and 12 denote intensities of the fields at frequencies Wl and 002.
EXPERIMENTAL
The optical layout of the CARS spectrometer is shown in Fig. 2 . The second harmonic of the Nd:YAG laser (operated at 10 Hz) is used to provide a pump beam at hp, = 532 nm, with pulse energy Ep, = 1 mJ, and two CARS probe beams at Xl = 532 nm, E1 = 40 ~J, and X2 = 578-585 nm (rhodamine 110 dye laser), E2 = 140 #J. The resulting CARS signal is at ha = 493 -488 nm. The positions of these wavelengths are depicted in the absorption spectrum of rhodamine 6G in Fig. 3A A-~H2 in isotropic ground state) contribution; and (c) eA A-PNR at suppression of the nonresonant background. The Raman bands observed here are from So rhodamine 6G. Ethanol has vibrations at 1455 and 1479 cm -~, but these are weak in comparison with the resonantly enhanced rhodamine vibrations. The background arises mainly from the nonvibration resonant contribution X~t~ R of ethanol.
In Fig. 5 the same polarization conditions were applied as in Fig. 4 , but here the leading edge of the O~p, excitation pump pulses preceded that of the CARS probe pulses by 1.5 ns. Since we define the "1" polarization direction along the epu (= e~ in our case), we measure "1111" and "2112" components in the case pump pulses are applied.
Besides the depletion of the ground-state vibration at 1517 cm -', strong bands at 1532 and 1606 cm -' appear, attributed to the excited singlet state S,. 7 The high pedestal is caused by the pure electronic resonant contribution ~(3m of the excited S, state. Below, it is shown perpendicular polarizations (epu ± ellleA) where a A-2222 contribution is measured. For the isotropic case these two spectra should be identical. The difference in the spectra indicates that the orientation distribution of transition dipole moments in molecules excited to the $1 state is anisotropic on a nanosecond time scale. This observation may be due to photoselection of molecules with an absorption moment (almost) parallel to the polarization of the pump and/or orientation of the molecules in the direction of the (strong) pump field polarization by the interaction of induced dipole moments with the electric field. The orientation distribution function is f(0) = cos20 where 0 denotes the angle between the pump-polarization axis and the transition dipole moment of the molecule. 
Io~1×~1 • The scale of b is twice that of a and c.
in ethanol was estimated (in a picosecond pulse experiment) to be %or = 0.27 ns, 12 this means that the excited rhodamine 6G molecules maintain their orientation during the pump-probe pulses overlap time. This behavior may be explained by the discussion that follows.
In the absence of the strong pump laser beam the spontaneous S~ lifetime is 4.5 ns. In the presence of the pump beam the So lifetime is shortened by depletion of the ground state through absorption. The excited $1 state lifetime is shortened (from 4.5 ns to about 2 ns) by stimulated emission from the S1 to the So state ~2 and also by depletion of the $1 state through absorption from the $1 state to higher-energy states Sn. The transition rates of these processes depend on the pump laser beam intensity. The effective shortening of the $1 lifetime somewhat lowers the effect of reorientational diffusion. However, since many photons are generated during the pump pulse which excite rhodamine 6G molecules to the S~ state and create anisotropy along the pump beam polarization in the molecular distribution of both the So and S~ state, the induced anisotropy is expected to last as long as the pump pulse duration. When the pump pulse is over, the anisotropic distribution quickly (%00 reorients to an isotropic distribution. The contribution from the 1.5-ns part of the CARS probe pulse tails that don't overlap with the pump pulse (in which the molecules may reorient) probably is negligible compared with that of the former part because of the lower energies in the tails of the CARS probe pulses. The distribution of the optically induced anisotropy of the excited state is assumed to be is
which also causes the ground-state distribution to be changed from isotropic (spherically symmetric) to anisotropic
where No and NI denote the ground-state and excitedstate concentration, and g~ = NJNo represents the excited fraction. The anisotropie distribution of excited molecules imposes different relations between the components of the third-order nonlinear susceptibility tensor ×(3)E of the solution with $1 excited molecules and m01-ijkl ecules in the ground state So. The anisotropy of both ground state and excited state can thus lead to changes of the observed vibrational depolarization ratios in the presence of an excitation pulse. The relations between the (macroscopic) ×~]~ components in the ground state So or excited state $1 can now be derived from orientational averaging of the molecular susceptibility ×(3,mo~)E with the appropriate anisotropic distribution functions /S,,o(0) defined in Eqs. 9 and 10. These relations are derived in Appendix A. Assuming parallel transition dipole moments for the CARS process in the molecule and g~ = 1, this approach results in the following relations between x ¢a)E components (see Appendix A): In order to distinguish between the electronic susceptibilities of ground-state rhodamine 6G and solvent, a series of rhodamine 6G concentrations in ethanol was examined. The measurements were carried out with the use of the flow cuvet and a reservoir with the rhodamine 6G in ethanol solution. The concentration was changed by adding ethanol to the reservoir. The sample length was kept constant at 0.25 ram. The spectra recorded under these conditions are shown in Fig. 7 , with concentration N s ranging from 5.10 -4 to 1.67.10 -5 M/L. The spectra were fitted according to Ia(x) ~ ]×(3)(x) [2 with ×(a)(x) given in Eq. 6 under the assumption of g~ = 0 with s ¢ 0 (i.e., only the ground state is populated) and Nso t = 1: Table I .
Since the frequency dependence of the electronic contribution is small in the range 1450 to 1700 cm -~, a large electronic bandwidth Fo E = 500 cm -1 was used with ~2~ at the center of the spectral range. In Eq. 12 j indentifies different concentrations and c~ is a scaling parameter that accounts for differences in absorption for each concentration Noi. The set of eight spectra was simultaneously fitted with a single set of Raman band parameters Table I for the two models are almost identical, and the fitted values for the concentrations are close to the ones calculated from the dilution. From this observation we conclude that the influence of ~(~)~ is small relative to Concentration fit parameters N~ (without ×~o ) ) and N6,~  (with x~o ~E) of rhodamine 6G in ethanol (Fig. 7) ~A~'~)E(OOa) ~ ~A~*'~(3)E{~A-1111' ~vo Cex + pEsin ,6ey)E1E2 -~ 2 • (13) where -' = ~ = ~ el e,, and e2 cos Ce, + sin Cey, and 4) is the polarization angle between the probing beams ¢01 and 002. In the case of resonant excitation to the $1 state, the X(~)E contribution can be considered to originate from a $1 linear polarization ~r with phase shift 0 r to the nonresonant contribution ~NR from the solvent ethanol, at an angle ~pE = CE _ cNR. These two sources give rise to elliptically polarized CARS signals. Coherent ellipsometry was applied in the following way: At frequency w, = distinct Raman bands of rhodamine 6G and ethanol are present, the CARS signal intensity was measured at different polarization analyzer angles e in the signal beam for both the linearly polarized nonresonant CARS signal (without excitation) and the elliptically polarized CARS signal (with excitation). T h e angle ~b between the polarizations of the CARS probe beams 0,) 1 and ¢o2 was set at 45 ° . The polarization conditions are depicted in Fig. 8 . T h e result is given in Fig. 9 , where squares and circles represent the experimental data with and without excitation, respectively.
The elliptically polarized CARS signal can formally be broken down into two linearly polarized waves with am-[tlitudes P~ and P, and phase shift 5 between them, where P~ and 15 are polarized parallel and perpendicular to the PNR-axis (see Fig. 9 ).
The mathematical procedure to derive these amplitudes and phases from the measured ellipse is given in Appendix B.
It follows that t h e~ are two possible sets, where the polarizations P~ and P, have either the opposite or the same phase 5. These sets are depicted in Fig. 10 In order to distinguish between the two sets we make use of the calculations used above. There it is shown that, under the assumption of parallel transition moments in the molecule Zt l l l l '2112~(3)E'(3)E = 5:1, yielding pz = 0.2. Furthermore, the high peak originating from the excitedstate contribution 3,~a1 )E points to a large value of the ratio [ ~Z/~NR [. In addition, fitting the spectra, we found that the polarized value of pE gives the best result. From these facts we conclude that the first set is correct.
Another method exists to distinguish between the two sets. From the solvent band line shape, one can estimate the phase 0 z relative to the background phase due to -excitation (Fig.   (Fig. 4) interference with the electronic susceptibility ×~)E. However, one needs a pronounced solvent band in the spectral range. In our case the ethanol line around 1455 cm-' is too weak for this purpose. ,, , 0,,, ~, and F~ represent real amplitudes, phases, frequencies, and bandwidths (HWHM). The Raman resonances of the solvent ethanol are given in the second term in Eq. 15. The independent variable x represents the frequency difference o.) 1 --(0) 2. in the measured region (~ -w~)/2~c = 1450-1700 cm-', the variation of x is small in comparison to the electronic bandwidth F~ 1000 cm -1 of the S~ ~ S~ transitions; therefore x(sa )E can be taken as a real constant amplitude.
In Eq. 16 the polarization factors pNR, pE, and p~ represent the projections of the CARS signal onto the analyzer; ¢ is the angle between the CARS probe polarizations ~ and ~; and ~ is the angle between the analyzer ~A and ~1. pNR, pE, and p~ represent the depolarization ratios of the nonresonant background, pure electronic $1 state, and Raman (vibration) resonant contributions, respectively. The intensity is given by the squared modulus of the third-order susceptibility, which means that all terms in Eq. 15 interfere, giving rise to complex line shapes. The fit program enables us to extract all parameters in Eqs. 14-16 by minimizing
j i where i notes the number of spectral points, and j the different polarization conditions. Mj(x~) is the measured CARS intensity at spectral point x~ under polarization condition j, and Ij(x~) the modeled intensity given in Eqs. 14 and 15. The fit procedure is as follows:
Ground-State Spectra without Pump X~} E = O.
(a) The ground-state So polarization CARS ,~m~ (3) the absolute change in intensity, due to weak thermal lens scattering of the CARS probe beams. With the use of this procedure the best fit parameters listed in Table II (without pump) and Table III (with  pump) were obtained.
DISCUSSION
Depolarization Ratios. The CARS spectra in Fig. 4 show pronounced Raman bands at 1516, 1565, 1581, 1599, and 1656 cm -1 assigned to ground-state rhodamine 6G. 1° The fits on these spectra are of good quality if bands at 1531 and 1606 cm -1 are introduced, which have been assigned to the excited singlet $1 state of rhodamine 6G. 1° This means that although E 1 < E2 the excited state S~ is populated to a small extent.
With pre-excitation, dramatic changes in the spectra are observed. Excitation of rhodamine 6G molecules induces a high degree of population of the excited $1 state, giving strong bands at 1531 and 1606 cm -1, which are enhanced due to the higher electronic states Sa and $4 (see Fig. 5 ). The ground state is highly depleted, which can be seen from the diminished intensities of the goundstate bands at 1517 and 1655 cm -1. The 6.7 x decrease in intensities corresponds to an excited-state population of 85 %. This result agrees well with estimated excitedstate concentrations of rhodamine 6G in dependence on the incident photon flux. 2° In addition a high pedestal is seen that results from a high X(s3 )E value (Table III) The depolarization ratios p~ of the ground-state bands, as estimated from the fits (see Table II Deviations of the depolarization ratio from 1/3 imply either that more electronic transitions with different directions of the transition moments in the molecule make a contribution or that the vibrations have antisymmetric character. However, the symmetry of the rhodamine 6G molecule, disregarding the side groups, is C2v, leading to A1 and B2 vibrational symmetries. In the molecular structure (see Fig. 3A ), the orientations of the dipole moments of the one-photon-allowed So-S1 and So--Sn transitions are along the y-axis of the rhodamine 6G molecule, whereas the dipole moment of the excited-state transition S1-S'n is perpendicular to this direction (z-axis). The depolarization ratios close to 1/3 are thus mainly caused by the strong transition dipole moment of the $1 band along the y-axis of the rhodamine 6G molecule. The small deviation from 1/3 may arise from the influence of the higher electronic transitions So-$2, ..., S,.
It is remarkable that the depolarization ratios obtained from the fit on the spectra with and without pump are different. The change in depolarization ratios may be caused by several factors. First, as discussed above, anisotropy in the distribution of induced dipole moments in the excited-and ground-state molecules imposes different relationships between the third-order susceptibility components x!]2~, yielding different depolarization ratios. Second, the CARS process in the excited $1 state is enhanced by the different electronic transition S1-S',, with the orientation of the transition dipole moment perpendicular 12 to those of the ground state So-Sn (see Fig. 3 ). The CARS process in the ground state So is enhanced by electronic transitions So-S,, thereby enhancing vibrations differently. Third, the structure of the rhodamine 6G molecule may have altered upon excitation, which could lead to a change in the molecular symmetry and thus to a different symmetry of the vibrations in the excited state. Since depolarization ratios are related to vibrational symmetry, changes in molecular symmetry may alter depolarization ratios.
Estimated depolarization ratios of the Raman bands that follow from Tables II and III The larger errors in the estimated depolarization ratios of the ground-state bands, in comparison with that of the excited-state bands in the spectrum with pump, are due to the decreased amplitudes of the former (depletion of the ground state) and increased amplitudes of the latter (excited-state population).
From the estimated depolarization ratio for the ground state (0.5... 0.65), which agrees well with the predicted value 0.54, we conclude that these effects are small during the pulse. The change of the depolarization ratios of ground-state vibrations ApE = p~ (with pump) -port (without pump) = (0.10 ± 0.16) ... (0.25 ± 0.12) is in agreement with a calculated change of ApoRt = 0.21 for a band with P~t = 1/3 and excited-state fraction gl = 0.85 where we have used Eq. A7 of Appendix A in calculating the depolarization ratio PANIsS° = 0.54 of the anisotropic ground state.
Since calculated depolarization ratios of the groundstate bands in the spectra with pump agree with the predicted value 0.54, we may state that the assumption of parallel transition moments for the CARS process holds. From the orientation of the dipole moment of the transition So-Sn, this means that these lie along the y-axis in the molecule. This observation justifies the choice made in the second part of the Results section. The estimated differences in the depolarization ratios of excited vibrations with the predicted value pE = (0.22 ± 0.07) (see the fourth part of the Results section) may be explained from the contributions of different electronic enhancements (i.e., S1-S'n enhancements) or nonparallel transition moments in the excited molecule. The latter would be the result of a changed excited molecular geometry. The former also affects the vibrational phases. This observation may be seen from a more detailed expression of the third-order susceptibility
where the first two factors in the denominator represent the electronic resonance enhancement at the CARS probe frequency 00~ and the CARS signal frequency o~ = 2~1 -oo2, with ~, ~, and Fro, Fn electronic transition frequencies and bandwidths, respectively. The third factor is the vibrational resonant factor. The inner products (~. ~) are projections of the molecular dipole moments onto the polarization vectors of the CARS probe fields and signal analyzer, o (°,1) denotes the occupation of the ground state So and excited state $1. In the summation, m and n run over all the excited electronic states. From Eq. 19 it is clear that each susceptibility component, in general, is built up from a number of electronic enhancements weighted by the orientational averaged quadruple inner product of dipole moments and polarization vectors. Since we use the shorthand notation
it is seen from comparing Eqs. 19 and 20 that not only does the amplitude carry information on the enhancements but the phase also depends on it if more than one electronic state contributes. Since the depolarization ratio p" is the ratio of two x (3) components, each consisting of a sum given in Eq. 19 with specific weights ((~,. eA)(~" et)(~" et)(~" e2) )o,, this case in general results in different depolarization ratios for different electronic manifolds due to possible variation in transition dipole moment orientations. Furthermore, each vibration may couple to vibrations of excited electronic states (vibronic coupling), not denoted in Eq. 20, which may also affect the differences in the phases of different vibrations of the same electronic state. The origin of the depolarization ratio changes observed could be based solely on induced anisotropy in both excited and ground state. However, structural changes in the excited state may have occurred as well, and, as dis- cussed above, different electronic enhancements may also contribute to depolarization ratio changes. At this point it seems difficult to distinguish between these effects. Knowledge of electronic excited-state molecular geometry is necessary to obtain true molecular depolarization ratios in the excited state. Vibrational Phases. The vibrational phases obtained from the fits on the spectra (see Tables II and III) X(s3)Eexp(iÜl E) and rotated by 0~ counter-clockwise from the positive imaginary axis Imx. A zero phase 0~ would belong to vibrations of ethanol since these are far off electron resonance. The ethanol band at 1455 cm -1 was fitted with a free phase which resulted in 21°; however, this band lies at the edge of the spectrum, which makes analysis difficult and may explain the deviation from zero. The ground-state vibrations of rhodamine 6G have phases different from zero, due to the electronic resonance enhancement of the $1 and $2 transitions. Comparing Figs. 12A and 12B it is immediately seen that, upon pumping, most vibrational amplitudes decrease due to ground-state depletion, and that the total background, represented by ×(3)NREt h and X(s3~ E, is larger (and complex), corresponding to the higher peak in Fig. 5 . With the value of the nonresonant susceptibility of ethanol at x~t)~ R = 3.65.10 -14 esu 23 and the molarity of pure ethanol at 17.5 M, it follows for the molecular hyperpolarizability NR = ~Eth 3.55' 10 -39 esu. With this value the molecular hyperpolarizability for excited state of rhodamine 6G is given by 'y~, = 0.9567~(17.15/N1) = 27.3.10 -~ esu.
T h e value of the ground-state hyperpolarizability "Y~0 is estimated" from ~So~(~)E = 0.158×~t)~ R as obtained from Table  I, This value is close to t h a t reported by Lau and Pfeiffer 24 (TSEo = 4.10 -35 esu), although their value corresponds to excitation at X = 570 nm. We would thus expect a larger value in the case of exact resonant excitation. The hyperpolarizability 7~, in the excited state is more than 7 times larger than the ground-state hyperpolarizability 7~o, which may be due to the changed dipole m o m e n t direction in the S~-S', transition (from along the y-axis to the z-axis). Assuming a fifth power-length dependence of the molecular hyperpolarizability, 25 this means a change in the charge separation of the molecule in the excited state of 50 %. This response can be due to the electronic enhancement or a changed electron distribution (delocalization).
C O N C L U S I O N
Resonance polarization CARS spectra of the electronic ground state and excited singlet St state of rhodamine 6G in ethanol were obtained with the pump-probe technique. Upon varying the polarization orientation of the p u m p beam, we measured different excited-state spectra due to the optically induced anisotropy of the excited state. From concentration-dependent measurements it was shown that the electronic contribution ×~3o)E of groundstate rhodamine 6G was small in comparison to the nonresonant ethanol contribution. T h e influence of the electronic susceptibility ×(s3 )E of the excited state with respect to the nonresonant susceptibility of ethanol as examined / oa where (...)o, denotes the orientational average, L is a local-field correction factor given byL = (e(o~) + 2)2(e(o~2) + 2)(e(oo3) + 2)/81, with e(o~) the dielectric constant of the medium, and ¢,(3)E the hyperpolarizability where the la~7~ quadruple inner product of the molecular transition dipoles (#7~' t(~, ~, g~) and the electric field polarization vectors ~e~, ej, eh, ~) denoted by R~RzRk~R~ is factored out. Here a,/~, % and 5 refer to coordinate axes in the molecular frame, whereas i, j, k, and l refer to axes in the laboratory frame, the averaging can be written: 
The transformation of the molecular fixed axes to the laboratory axes is performed through the Euler angles (¢, 0, ~).
Since the photoselection leaves a distribution of the induced dipole moments with an inversion center, only 6 of the 21 nonzero components of the cubic susceptibility tensor v~ 3)E are independent. Assuming parallel di~ijkl pole moments in the molecule (i.e., corresponding to a nondegenerate fixed direction of the electronic transition in the molecular frame and a single nonzero factor ~(,~, = ~o ¢ 0) and applying the anisotropic distribution function (A2) for g~ = 1, we see the result of the averaging procedure as given below. With the pump polarization ~pu along -~ -~ " " " -~ = e~ = G in a Cartesian coordinate system (e2 ey and e3 = ez) the six independent components are:
~5 i~L
AAlll~ ( 
P~IS ~(3)E 21 -15gl
Allll For gl = 0 (i.e., no S~ excited molecules) we find the isotropic case p = 1/3 in agreement with Kleinman symmetry. In the limit of gl = 1, one obtains PAN,S = 2/3. In general, with some excited fraction 0 < gl < 1 the depolarization ratio has a value 1/3 < PAN,S < 2/3.
APPENDIX B: DECOMPOSITION OF ELLIPTICALLY POLARIZED LIGHT INTO TWO LINEARLY POLARIZED WAVES
In the following we adapt the analysis method of Ref. 5 . In the case of linearly polarized nonresonant signal (without pump) the intensity dependence on the analyzer angle e would be I NR(~) = (pNR)2sin2eS(e) (B1) where sensitivity of the detection system to polarization direction is incorporated in the function S(d. S(¢) = sin2(e -q~NR) -4-k cos2(e -q~NR)
with ~ defined by the angle between the analyzer transmittance pla.ne ~A and the normal to the nonresonant polarization pNR, and k the ratio of horizontal to vertical sensitivity of the detection system. For the elliptically polarized CARS signal (with pump) the dependence can be written as 
